ABSTRACT: The development of synoptic tools is required to derive the potential habitat of fin whales Balaenoptera physalus on a large-scale basis in the Mediterranean Sea, as the species has a largely unknown distribution and is at high risk of ship strike. We propose a foraging habitat model for fin whales in the western Mediterranean Sea relying on species ecology for the choice of predictors. The selected environmental variables are direct predictors and resource predictors available at daily and basin scales. Feeding habitat was determined mainly from the simultaneous occurrence of large oceanic fronts of satellite-derived sea-surface chlorophyll content (chl a) and temperature (SST). A specific range of surface chl a content (0.11 to 0.39 mg m −3
INTRODUCTION
The fin whale Balaenoptera physalus is the only mysticete species regularly occurring in the Mediterranean Sea (Notarbartolo di Sciara et al. 2003) .
Genetic analyses have suggested the existence of a resident Mediterranean fin whale population (Bé -rubé et al. 1998) , with evidence of some limited but recurrent gene flow between Mediterranean and North Atlantic conspecifics (Palsbøll et al. 2004 ). Sev-eral anthropogenic threats affect the Mediterranean fin whale population, with vessel strikes being one of the main causes of human-induced mortality (Panigada et al. 2006) . The risk of a vessel strike is particularly severe in areas of heavy maritime traffic, such as the PELAGOS Sanctuary (ACCOBAMS 2006 , David et al. 2011 , where fin whales tend to concentrate in high numbers during the summer months (Gannier 1997 , 2002 , Notarbartolo di Sciara et al. 2003 , Panigada et al. 2005 , Würtz 2010 . The PELAGOS Sanctuary is the first International Marine Protected Area (MPA) created in the high seas (Hoyt 2005 ) that aims at integrating human activities with cetacean conservation (Notarbartolo di Sciara 2007) . While shipping noise is one source of disturbance, seismic airguns used for oil and gas exploration can also deter fin whales from feeding or breeding grounds (Castellote et al. 2012b ). In addition, unregulated and expanding whale watching activity in the area (Airoldi et al. 1999 ) and the related acoustic disturbance potentially lead to unpredicted negative effects at the population level , IWC 2007 .
Fin whales feed in most seas on zooplanktonic shrimps and small pelagic fish, although it appears that in the Mediterranean Sea this large cetacean mainly forages during the summer on a small euphausiacean, Meganyctyphanes norvegica (Notarbartolo di Sciara et al. 2003 , Astruc 2005 . The International Panel on Climate Change (IPCC 2007) and the European Environmental Agency (EEA 2008) recently issued a warning about the impact of increasing temperature on many ecological factors, including changes in phytoplankton composition, timing of blooms and the northward boundary shifts of warm-water species. This might particularly affect the distribution of the main fin whale prey, Meganyctiphanes norvegica, which is located at the southern limit of its ecological tolerance in the western Mediterranean Sea (Tarling et al. 2010) . The development of robust tools to trace the distribution of the fin whale in its changing favourable habitat at the scale of the western Mediterranean Basin is therefore of primary importance to improve our understanding of the whale's ecology.
Additionally, the modelling of species distribution is a tool that can contribute to fulfilling the requirements of legislative framework and especially the Marine Strategy Framework Directive (MSFD), which represents the environmental pillar of the Integrated European Maritime Policy. The MSFD aims to achieve a good environmental status for the European Union's marine waters by 2020. 'The assessment of species also requires an integrated understanding of the distribution, extent and condition of their habitats to make sure that there is a sufficiently large habitat to maintain its population, taking into consideration any threat of deterioration or loss of such habitats' (COM_DEC 2010/477/EU).
There has been an intense research effort to describe regional habitat use and preferences of cetaceans, underlining the relationship between physical and biological variables. The considered environmental variables include sea-surface temperature (SST) (Brown & Winn 1989 , Baumgartner et al. 2001 , Cañadas et al. 2005 , Panigada et al. 2008 ; bottom topography (Baumgartner 1997 , Cañadas et al. 2002 , 2005 , Panigada et al. 2005 , Ingram et al. 2007 ); bathymetry, SST and chlorophyll content (Laran & Gannier 2008) ; currents and frontal systems (Tynan 1998 , Mendes et al. 2002 , Johnston et al. 2005 , Gannier & Praca 2007 ; primary production cycles (Littaye et al. 2004 , Panigada et al. 2008 ; and prey distribution (Woodley & Gaskin 1996 , Jaquet & Gendron 2002 , Baumgartner et al. 2003 , Macleod et al. 2004 ).
The current paper presents an innovative approach for the modelling of the potential feeding habitat of fin whales in the western Mediterranean Sea by quantifying the proximity of species presence data to remotely sensed oceanic fronts of chlorophyll a (chl a) at a daily time scale. The originality of this work is that the potential feeding habitat is solely based on the occurrence of mesoscale productive fronts that have been identified or hypothesized to play a key role on feeding of fin whales and of other large pelagic predators (Royer et al. 2004 , Druon et al. 2011 ). This ecologically driven approach enabled daily mapping of the fin whales' potential habitat (function of the distribution of favourable environmental conditions), but not of effective habitat (the conditions at the sighting locations) which is always difficult to produce for marine animals and especially highly migratory ones with a restricted population. The paper describes and discusses the methodology in the context of the species and area of interest. The presented results on habitat distribution and variability over a decade (2000 to 2010) highlight the necessity for making progress at a large scale. Indeed, they show that synoptic information on suitable habitat is required for implementing the MSFD within the broader Integrated Maritime Policy through the establishment of monitoring programs (by 2014), the development of conservation measures (by 2016) and the mitigation of human-induced threats on Mediterranean cetacean populations (by 2020).
INPUT DATA
This habitat suitability model selects specific oceanic gradients observed by satellite remote sensing data at a large (or even global) scale and medium resolution (i.e. a few kilometres) to derive the potential feeding habitat of fin whales Balaenoptera physalus. The model is trained (calibrated) with an initial subset of fin whale geo-located sightings (presence data only) and then evaluated (validated) using an independent subset. Both subsets of data were collected during independent field campaigns (see Fig. 1 for the distribution of all sightings).
Fin whale presence data
The present study compiled one of the most extensive databases of precisely geo-located presence data of fin whales in the Mediterranean Sea (see the list of contributors in the 'Acknowledgements'). The database has 1451 distinct sightings in the Mediterranean Sea from 2000 to 2011, mostly between May and September. The presence data were collected with a position accuracy of <1 min of latitude (< 2 km; Fig. 1 ). These data are mainly derived from scientific surveys with dedicated sighting protocols along fixed-line transects using ferries as platforms of observation or aboard vessels implementing the linetransect protocol (Buckland et al. 2001) and mostly travelling at speeds of 5 to 6 knots (ca. 9 to 11 km h −1 ). Other presence data were collected using less systematic data collection methods (Panigada et al. 2005) or on random routes, at about the same speed.
Several opportunistic surveys were also used (e.g. French Customs). In most cases, observational route was planned in order to search in all types of habitat (coastal, continental shelf and slope, and oceanic waters) and to accommodate for changeable weather conditions. Note that the different sampling techniques do not have an impact on the analysis, since it is based on presence data only and only location precision and date were required.
The presence data of fin whales cover most areas of the north-western Mediterranean Sea and northern Alboran Sea; however, the large majority are located in the Liguro-Provençal Basin (Fig. 1) . Even though no information on behaviour was collected, the model implicitly assumed that animals would be foraging (or searching for prey) when located in the vicinity of high primary production features (presently chl a fronts).
Satellite remote sensing data
The habitat model uses the daily chl a content of SeaWiFS (from 2000 to 2010) and MODIS-Aqua sensors (from July 2002) and the SST of MODIS-Terra (from 2000) and MODIS-Aqua according to the opera- tional lifespan of these 3 satellite platforms. Chl a from MODIS-Terra was not used due to the currently low quality of the data. SST and chl a have wide coverage and both are available synchronously every day (at the scale of the processes involved, i.e. within 12 h) at a medium resolution (geo-projected data at 4.6 km for MODIS and 9.2 km for SeaWiFS). Sea WiFS data were interpolated on the MODIS grid. The horizontal resolution of 4.6 km (NASA Standard Mapped Image) is appropriate for analysing the meso scale oceanographic features related to fin whale behaviour, as this species can cover >150 km daily (Watkins et al. 1984) . One set of chl a/SST data was used at a time to derive daily habitat and the daily maps from each pair of sensors were then merged (Fig. 2) . Daily SST and chl a data were pre-processed using iterations of a median filter in order to recover missing data on the edge of valid data. This preprocessing, which represents an important gain of habitat coverage, especially in the case of dappled cloud occlusions, is described in Supplement 1 at www. int-res. com/ articles/ suppl/ m464 p289_ supp. pdf. The front enhancement of daily chl a and SST data is calculated with an edge-detection algorithm. Ullman & Cornillon (2000) showed that automated edge-detection algorithms perform better than histogram methods in detecting horizontal gradients given clear viewing conditions. Spurious detections resulting from cloud masking were avoided by detecting the overlap of SST and chl a fronts. Indeed, since SST and chl a are affected differently by clouds due to spectral differences (near-infrared versus visible), the detection of overlapping fronts is very likely to result from oceanic processes and not be due to atmospheric effects. In other words, the co-identification of SST and chl a fronts, which is the most selective criteria of the habitat model, is used to prevent respective cloud-edge issues (imperfect cloud mask). This edge-detection method, based on the computation of the norm of the horizontal gradient, has been successfully applied to emphasize the presence of juvenile bluefin tunas in the vicinity of chl a and SST fronts in the Mediterranean Sea (Royer et al. 2004 , Druon et al. 2011 ), a top-predator having common prey with fin whales. The calibration step quantified a minimum threshold for the norm of the horizontal gradient to remove secondary features and highlight the most productive fronts.
The night sea-surface temperature (NSST) product was selected because the skin temperature (layer of a few µm) at night is likely to better represent the mixed layer temperature than that sensed during day time due to solar heating. Chl a and NSST daily data thus show a shift in time of about 12 h for MODISAqua and about 9.5 h for SeaWiFS/MODIS-Terra. The drift of oceanographic features that might occur in that delay is, however, a lower bias compared to the gain in SST quality, since the phase velocities of currents in the study area are commonly ≤10 km d −1 (Sammari et al. 1995) , i.e. a drift of <1 satellite pixel in 12 h. The overall coverage of habitat is increased when merging the daily maps derived from both pairs of sensors in relation to differences in observing time and, thus, in cloud cover. These changes occur after a 1 to 2 h shift in the sensing time of chl a products at the latitude of interest for MODIS-Aqua and SeaWiFS and after a 1.5 to 2.5 h shift of both SST observations of MODIS-Aqua and MODIS-Terra.
Water depth
The water depth was taken from the General Bathymetric Chart of the Oceans (GEBCO) of the British Oceanographic Data Centre, with a spatial resolution of a 1 arc-minute grid (ca. 1.85 km at the latitude of interest; GEBCO, www.bodc.ac.uk/products/ bodc_ products/gebco/) and interpolated to the 4.6 km MODIS grid. 
HABITAT MODEL DESCRIPTION

Indirect, direct and resource environmental gradients
Direct environmental gradients can have a physiological impact on organisms; conversely, indirect predictors of a species' presence refer to the gradients that influence the direct predictors. For instance, altitude influences temperature and rainfall, which have a direct effect on plant growth (Austin & Smith 1989 , Austin 2007 . Direct variables were shown to be more successful predictors than indirect variables (Austin 2007) . A resource predictor is defined by a component needed for the growth of an organism, such as light or nutrients for a plant. These definitions were transposed here to the marine context using a proxy of food availability (chl a fronts). Indirect predictors of fin whale Balaenoptera physalus presence are, for instance, latitude and season, which influence surface water temperature, which, in turn, strongly affect the distribution of their prey. The direct predictors are presently defined as the variables that can affect the physiology of a marine species, such as temperature, salinity, or water depth.
Model structure and choice of predictors
The structure used for habitat modelling is commonly referred to as multi-criteria evaluation, which was originally developed for terrestrial applications with a geographical information system (Carver 1991 , Store & Kangas 2001 . The present multicriteria evaluation uses daily environmental marine data projected on the NASA-MODIS regular grid. The habitat criteria encompass a specific chl a range, a minimum threshold for the norm of the horizontal gradient of NSST and chl a, and minimum water depth (see Fig. 2 ). The originality of the model lies in the fact that the habitat is largely defined by the vicinity of fin whales to specific oceanic features, i.e. chl a and SST fronts, which seem to be closely linked with foraging (Johnston et al. 2005 , Laran & Gannier 2008 , Cotté et al. 2009 . A specific chl a range at the position of these identified oceanic features is also used to detect the preferred habitat (Fig. 2) . Thus, we derive a potential habitat identifying the favourable environmental conditions in the vicinity (generally less than ca. 10 km) of presence data, as opposed to the effective habitat that defines the positions and/or the conditions at the sighting locations. The following sections describe in detail the choice of variables of that species niche model and how the presence data were used to optimize the parameterization. Several studies have shown that feeding fin whales and other rorqual whales are often located in areas of thermal (Nottestad et al. 2002 , Doniol-Valcroze et al. 2007 ) and chl a fronts (Cotté et al. 2009 ), where many zooplankton species are abundant (Le Fèvre 1986). The concentration of small and large zooplankton in convergence areas, such as chl a fronts, is known to attract higher trophic level predators, leading to the assemblage of a complete pelagic food web (Olson et al. 1994) . Chl a fronts are thus seen as continuous productive features of organic matter efficiently assimilated by the food chain, even though their extension is restricted and chl a content is relatively low. It results that the vicinity of chlorophyll fronts together with medium chl a content are assumed to be indicative of fin whale foraging niches in the Mediterranean Sea.
The thermo-regulation of fin whales allows them to evolve in a wide range of sea temperatures (NSST at the position of presence data is from 11 to 28°C), and, thus, temperature is not a priori a habitat constraint. It is indeed assumed that this range better reflects the seasonal data distribution (from April to November) than an effective temperature preference. As mentioned above, high SST values may, however, constrain the fin whale prey (southern limit of krill); we thus verified a posteriori that the highest temperature of the defined habitat is lower than or similar to the temperature range found from the presence data (of whale and thus from their prey, see 'Results'). The absolute value of SST was consequently not selected as a foraging predictor.
The relationship between maximum water depth and fin whale presence is complex since it is highly variable between seas. In the Mediterranean Sea fin whales are most commonly found in the vicinity of the general circulation currents, i.e. mostly in deep waters, but hardly ever on the inner continental shelf (Notarbartolo di Sciara et al. 2003, authors' unpubl. data) . A minimum depth was thus selected as a regional criteria to remove from the preferred habitat most of the inner continental shelf, where nearly no presence has been detected to the best of our knowledge (e.g. inner shelf of the Gulf of Lions, northern Adriatic Sea), or as an event occurring once in a decade -1997 on the inner shelf of the Gulf of Lions (Beaubrun et al. 1999) .
To conclude, the criteria that were retained for the potential feeding habitat (Fig. 2) imply the estimation of 5 parameters derived from 3 environmental variables (chl a, SST and water depth): (1 & 2) the overlap of the main chl a and SST frontal structures defined by respective thresholds of the norm of the horizontal gradients, (3 & 4) a preferred range for chl a content (i.e. upper and lower values), and (5) a minimum water depth excluding the inner continental shelf. All threshold values were defined by the calibration process.
Model calibration and validation
The calibration of the habitat model uses, as a performance estimator, the best compromise between habitat size and the shortest distances of presence data to the preferred habitat. In order to remove outlier distances caused by clouds in the vicinity of sightings (possibly masking habitat) or generated by a more complex behaviour than foraging (migration or reproduction re lated), the 90th percentile distance was used to calibrate and evaluate the model (see the full des cription of the calibration methodology in Supplement 2 at www. int-res. com/ articles/ suppl/ m464 p289 _ supp. pdf). Elith et al. (2006) and Austin (2007) emphasise the need to use independent data for evaluation. The presence data was divided into 2 distinct subsets for model calibration and validation (Table 1) . The calibration and evaluation data were independently collected corresponding to different field campaigns across several years as suggested by Boyce et al. (2002) (calibration data are from GIS3M , NATO-NURC 2002 -2006 , ISPRA 2007 , Alnitak 2000 , CETUS 2000 validation data are from GREC 2000 , Tethys 2000 , GIS3M 2009 , WWF 2010 , Souffleurs d'Écume-REPCET 2011 , see details of contributors in the 'Acknowledgements'). A set of 970 fin whale sightings were selected for the calibration using SeaWiFS/MODIS-Terra from 2000 to 2010 (sensors' lifespan) among which 265 were effectively used in that process due to cloud coverage and malfunction of satellite sensors (Table 1) . Similarly, 670 sightings were selected for the calibration using MODIS-Aqua from July 2002 to 2011 (sensors' lifespan) among which 299 were suitably covered by satellite data in their vicinity for deriving the potential habitat. To evaluate the parameterization, we used an independent subset of 469 fin whale sightings for SeaWiFS/ MODIS-Terra and 359 sightings for MODIS-Aqua. Among the validation subset, 112 sightings for both pairs of sensors were suitably covered by cloud-free satellite data (Table 1) .
RESULTS
Model performance
Model calibration. Among the fin whale Balaenoptera physalus sightings which were suitably covered by satellite data in their vicinity, 30 and 32% were located within the potential feeding habitat for SeaWiFS/MODIS-Terra and MODIS-Aqua sensors, respectively (calibration histograms; Fig. 3A ,C) and 80% were within 7.2 and 10.8 km of the habitat using the same respective sensors (Table 2) . In other words, 80% of the presence data were closer than 2 pixels (of 4.6 km resolution) from the potential habitat. The shortest distances of fin whales to the preferred habitat (calibration histograms; Fig. 3A,C) showed a Gaussian distribution, as this would be expected of a diffusive process. Both sensor-specific parameterizations led to similar values for the minimum water depth (91.9 and 92.4 m). We therefore selected a common value of 92 m.
Model validation. Using the validation subset, the mean shortest distances from the preferred habitat followed the same Gaussian distribution as when using the calibration subset (Fig. 3B,D) . Of the presence data, 34 and 29% were located within the potential feeding habitat for SeaWiFS/MODIS-Terra and MODIS-Aqua, respectively, while 80% of the sightings were within 11.9 and 11.1 km, respectively (Table 2) . If the 80th percentile distance obtained for validation using MODIS-Aqua is similar to that for calibration, the value resulting from the validation using SeaWiFS/MODIS-Terra is higher than that for the calibration (11.9 compared to 7.2 km). Note, however, that this apparent lower performance from the 80th percentile distance is comparable to the distances obtained for MODIS-Aqua (10.8 and 11.1 km). Moreover, the 50th percentile obtained for the validation using SeaWiFS/ MODIS-Terra ( variability of performance likely results from the presence data sets. Nevertheless, the overall co herence between the calibration and validation performance levels well supports the robustness of the fin whale habitat model and its para meterization. Monthly performance levels. Monthly performance levels of the habitat model and the distribution of presence data are also presented in order to appraise the validated from the extrapolated prediction (Fig. 4) . These monthly values (for all considered years) are presented for calibration and validation using the MODIS-Aqua (Fig. 4A,B, respectively) and SeaWiFS/MODIS-Terra sensors (Fig. 4C,D , respectively). Ten percent of outlier distances and presence data were removed to enable compatible results with the data effectively taken into account in the calibration (i.e. removing presumably migrating individuals and high cloud-cover sightings, see 'Model calibration and validation' and Supplement 2 for details).
The model performs similarly (mean distance in the range from 2 to 5 km) when the level of monthly presence data is high (i.e. in July and August on Fig. 4) . Overall, a similar or better performance is observed for months with intermediate (May, June and September) or low (April, October and November) numbers of presence data.
Main habitat characteristics
Threshold values of SST and chl a gradients that characterize fronts relevant for the potential feeding habitat of fin whales were found to be 0.035°C km , with an asymmetrical distribution towards high chl a values (n = 1809, satellite-derived chl a estimates from both sensors; data not shown). The range found through calibration thus agrees with the values of chl a at the sightings' location (corresponding to the 7th and 98th percentile values). If 70% of sightings in the western Mediterranean Sea were found in water depths ranging from 2100 to 2800 m (n = 1451; data not shown), the remaining 30% were observed relatively homogeneously in the first 2100 m water depths. The observed fin whales seem, however, to avoid extended inner shelves in the western Mediterranean Sea, with a preference for deep slope areas. The inner shelves of the Adriatic Sea, the Gulf of Lions and the Catalan Sea (water depth < 92 m) were excluded and most of the recurrent potential habitat (82%) is in water depths from 200 to 2800 m, i.e. on the continental slope (Fig. 5A) .
Of sightings in the western Mediterranean Sea, 90% were found in water temperatures from 17.1 to 26.8°C, with a frequency peak (44% of sightings) in the range 20 to 23°C (n = 2198, satellite-derived SST estimates for both sensors; data not shown). We mentioned above that fin whale prey may be constrained by high SSTs. However, the upper temperature levels for the potential feeding habitat (2003 to 2010) are lower than at the sighting locations, with respective 95th percentile values for the satellite sets of sensors of 25.5 and 26.8°C, which suggests that a maximum SST is unlikely to be a discriminant predictor of prey limitation in the present model.
Main spatial patterns
The potential feeding habitat of fin whales was recurrently identified (> 25% of the time) in specific areas, such as the Alboran Sea, the shelf break area of the Gulf of Lions, the Ligurian Sea and the southern Adriatic Sea (Fig. 5A) . Secondary areas of impor- in Supplement 2 for details). Error bars = standard deviations. Lower histograms: monthly mean number of presence data effectively used in both the sensor-specific calibration and validation processes; 10% of outliers were removed.
Chl a: chlorophyll a; SST: sea-surface temperature tance for feeding appeared to be located near the coast of Algeria, in the northern Balearic Sea, the central-western Tyrrhenian Sea, in the south-east and south-west of Sicily and between eastern Sicily and Calabria. In contrast, the southern Tyrrhenian Sea and most of the central and southern part of the western Mediterranean Sea showed a low occurrence of potential habitat (<10% of the time). The feeding habitat was concentrated on the edge of the basin in regions where the dynamics of the general circulation is high and mostly where the continental slope is steep. The feeding habitat was therefore rather continuous with a linear shape. Note, however, that not all the slopes with a high level of hydrology were selected as favourable habitat for fin whales, such as to the south of the Balearic Islands.
Spatial variability at the annual scale
Annual anomalies were computed by subtracting the occurrence of potential habitat of a given year from the multi-annual mean occurrence (2000 to 2010 period). The mean absolute anomaly over the decade was also then computed (Fig. 5B) . The latter mean anomaly shows that a higher inter-annual variability occurs at the highest occurrence of favourable habitat (mostly in the eastern and central LiguroProvençal Basin), but several recurrently favourable areas also show low year-to-year variability (along the shelf break of most of the Gulf of Lions and Catalan Sea and most of the Alboran and Adriatic Seas). The annual anomalies showed that the main spatial patterns significantly changed from year-to-year ( Fig. 5C-M 
Spatial variability at the seasonal scale
In addition to the inter-annual variability, the predicted feeding habitat was also highly variable among seasons, but not in all frequently favourable areas. While the north-western Mediterranean Sea and Alboran Sea showed the highest seasonal dynamics, peaking in summer and autumn, the area around Sicily and in the southern Adriatic Sea appeared more stable all year round (Fig. 6A to D) . Overall, the potential habitat is less extended, but substantially more frequent (more than double), in summer and autumn than in winter and spring.
Main temporal patterns of size of potential habitat
To better analyse the habitat spread at a basin scale, we averaged the daily surface area of the western Mediterranean Sea displaying favourable feeding habitat over each month of each year between 2000 and 2010 (Fig. 7A) . The seasonal cycle was well marked with the lowest habitat size in February/ March and July/August (of ca. 13% of the western Mediterranean Sea) and the highest size in the late autumn (of 24% of the considered area), with a sec ondary peak in May (17.0% of the area). Although the size of potential habitat is similar in February/ March compared to July/August, it is substantially more spread so that the overall habitat occurrence is substantially higher during summer. The peak in May highlights the transition period between the winter-spread and the summer-concentrated habitats, where both regimes are present. Over the decade, the mean size of predicted potential habitat for fin whales is about 14% of the western Mediterranean Sea surface (Fig. 7B ) and about 12% during summer (Fig. 7A) . Year-to-year variations for each month are also important since they may reach 40 to 50% of the favourable surface area (Fig. 7A) . The variability of the annual surface area between 2000 and 2010 was about 2-fold lower than the monthly values, with variations from ±10 to ±15% (Fig. 7B) . A higher habitat occurrence was observed from 2005 to 2007, compared to 2001 and 2003, and from 2008 until 2010 . There was thus no specific trend in the year-to-year variations in the last decade, and the time series was too short to draw any conclusions on potential cycles from 1 to 3 yr.
DISCUSSION
This approach provides a synoptic view of the potential feeding habitat of fin whales Balaenoptera physalus in the western Mediterranean Sea, as well as its spatial and temporal variations, which are important for evaluating the relevance of MPAs or a network of MPAs and for implementing protection measures to reduce anthropogenic threats such as ship strikes (Panigada et al. 2006 ).
Selection of method and predictors
The choice of the modelling method and environmental variables was based on knowledge of the ecology of such pelagic top-predators as fin whales, the Atlantic bluefin tuna (Druon et al. 2011) , or tropical tuna species, and of food-web dynamics, with a particular focus on a proxy of secondary producers. In fact, the model of potential feeding habitat is based on the assumption that the persistence over and persistence of productive fronts for pelagic ecosystems. Because the model mostly focuses on productive fronts with low chl a contents, the results suggest that, at a mesoscale, chl a horizontal gradients prevail over chl a levels regarding the energy flux across the pelagic food web of the Mediterranean Sea. It is worth noting that the sampling grids of field campaigns are often too large to properly describe the dynamics of fronts (see example in Druon et al. 2005) or the related variability of small or large zooplankton populations (see the sampling grid for the Ligurian Sea in McGehee et al. 2004 ). This approach replies to the need for explicit statements about the niche theory assumed in species distribution modelling as shown by Austin (2007) . The same author, in his review of species distribution models, endorses the careful selection of predictors utilizing existing knowledge of environmental processes to improve model interpretability. Valavanis et al. (2008) add that, ideally, explanatory variables should describe characteristics of the ecology of the species and indicate the presence/strength of relevant ocean processes (e.g. upwelling or fronts) by using, for example, distances of surveyed points from such processes. The resource proxy frequently available at large scales is the satellite-derived estimate of chl a, which precisely describes the dynamics of productive fronts. Among the other available remote variables, most are indirect predictors of high trophic areas, expressing the necessary, but often insufficient, physical conditions for enhancing primary productivity. Although fin whales do not feed on phytoplankton, surface chlorophyll content is commonly selected as a good proxy for prey availability (e.g. Littaye et al. 2004 , Panigada et al. 2008 , and here the remotely observed chl a level and gradients are considered to be reasonable resource predictors accessible on a wide scale and with a high return frequency. As mentioned above, SST fronts are only used to remove chl a fronts erroneously produced by non-filtered atmospheric effects. The minimum water depth, although considered a direct predictor, is seen here as a regional filter in agreement with the knowledge on species distribution. We therefore selected a limited set of direct and resource pre dictors (minimum water depth, chl a gradient and range) based on the ecological theory to favour both the accuracy and analysis of the prediction. Presence data were preferred over presence/ absence data since (1) absence is always difficult to assess for marine mammals; (2) the effort is low, especially if compared to the displacement capacity of fin whales; and (3) utilizing presence data only was confirmed to successfully predict species distributions (Elith et al. 2006) . Furthermore, mobile animals may not use the entire suitable habitat at any one time (Boyce et al. 2002) ; thus, it may be difficult to demonstrate non-use, especially in the case of small populations (ca. 3500 individuals in the western Mediterranean Sea; Forcada et al. 1996 , Panigada et al. 2011 . Lastly, in addition to the ecological knowledge taken into account, the spatial dimension of the model for optimizing the parameterization (distance to potential habitat as enhanced by Valavanis et al. 2008 ) on a daily time scale and the ability to select optimal habitat size are key predictive elements which are not present in most regression models.
Model limitations and performance
The major limitations of this methodology are cloud cover and the quantity and distribution (in time and space) of fin whale sightings. Druon (2010) has discussed the impact of cloud cover on habitat coverage in the Mediterranean Sea, with a maximum in winter and a minimum in summer. For instance, the mean seasonal coverage for daily fin whale habitat in 2006 in the western Mediterranean was about 3 times lower in winter (10%) than in summer (31%, values using both satellite datasets). For operational use, the 3 d composite habitat map is therefore well covered during summer, i.e. at the peak of such humanin duced threats for fin whales as maritime traffic. The increase of habitat coverage using a second pair of satellite sensors with a 1.0 to 2.5 h observation timeshift was 36% for feeding habitat as a mean value for 2003 (Aulanier & Druon 2010). Furthermore, there was little difference in habitat classification when using MODIS-Aqua and SeaWiFS/MODIS-Terra (5% for the potential feeding habitat) which indicates that both sensors' data can be used in parallel (Aulanier & Druon 2010 ). The combination of several satellite sensors with independent calibrations appears to efficiently circumvent the difficulties induced by cloud cover from spring to autumn. However, the lack of fin whale sightings and the high cloud coverage during winter in the western Mediterranean Sea still represent the major technical limitations of our approach.
The boundary between the core and marginal habitat is often expressed in stochastic models as a probability of occurrence. The daily transition in the present model is sharp and optimized by a trade-off between habitat size and distance of sightings to the preferred habitat. Indeed, its size needed to be set, since the potential habitat is based on specific oceanic fronts in the vicinity of presence data and not directly at the location of presence data. Habitat size was defined by the W f parameter in the cost function ƒ min (see Supplement 2 for details). This parameter is likely to include several species characteristics, such as the distance covered per time unit, the quantity and quality of environmental information collected and the behaviour. Therefore, this parameter may vary between species of different size and trophic rank in the food web. The W f values found to optimize the habitat size for fin whales were similar to the value found for juvenile bluefin tunas (Druon et al. 2011) , suggesting that these 2 top predators have similar displacement capacities to search for their prey in the Mediterranean Sea. If the minimum chl a value obtained for the habitat of both species is similar, the maximum chl a value for fin whale (0.34 mg m ). These results suggest that both species mostly exploit the same niche for feeding in the western Mediterranean Sea, but fin whales also explore slightly less turbid fronts, presumably in relation to prey differences and foraging strategy. It was suggested above that high SST levels might constrain some types of fin whale prey such as the northern krill. While not refuting the temperature limitation, the higher level of maximum SST observed at the location of fin whale presence data compared to the computed habitat indicates, however, that the use of a maximum temperature value as a predictor would have led to the same model performance. Indeed, chl a fronts are mostly impeded by the important heating of surface waters, for example during the heat wave of summer 2003 in western and central Europe (Rebetez et al. 2006 , see the negative anomaly in the north of the western Mediterranean Sea; Fig. 5F ). This example shows that the choice of direct and functionally linked predictors allows us to reduce model complexity while increasing interpretability.
In addition to its simplicity, the model is also characterized by the primary use of relative data (computation of spatial gradients) which contains the most valuable information of Earth observation data. The absolute values are indeed a minor constraint in the model and are less consistent for a given satellite sensor, due to atmospheric effects, and between sensors, due to intrinsic characteristics. The present model performs well in areas where both satellite data and fin whale sightings are available. Indeed, (1) a large fraction of fin whale sightings are in the vicinity of the potential habitat (overall, 80% of presence data are within 9.7 km of the potential habitat, n = 788), (2) the general Gaussian shape of the histograms of distances between sightings and the habitat boundary is as expected from a diffusive process, (3) the validation with an independent dataset supports the robustness of the model calibration, and (4) the model shows similar performance levels from May to September (Fig. 4) . Furthermore, the potential feeding habitat identified in the western Mediterranean Sea is mostly in good agreement with the general knowledge of this species in the area (Notarbartolo di Sciara et al. 2003 , Dubroca et al. 2004 , Panigada et al. 2005 , Marini & Arcangeli 2010 and predicted habitat using a stochastic approach (Monestiez et al. 2006 , Laran & Gannier 2008 . The spatial resolution of 4.6 km appears to be appropriate for the detection of oceanic features of importance for the foraging of fin whales.
The output that is not fully supported by current knowledge mostly concerns the high occurrence of potential feeding habitat in the southern Adriatic Sea all-year-round and the Alboran Sea in summer and autumn (Fig. 6 ), which were both classified by Notarbartolo di Sciara et al. (2003) as regions of intermediate importance. The Alboran Sea was recently suggested to be a wintering ground for the north-east North Atlantic population (Castellote et al. 2012a) . This is consistent with the observation of fin whales migrating through the Strait of Gibraltar towards the Mediterranean Sea in November/December and back from May to July (Gauffier et al. 2009 (Gauffier et al. , 2011 . On the other hand, tagging experiments have shown that feeding fin whales in the north-western Mediterranean Sea may be year-round residents or migrate to the Atlantic Ocean crossing the Alboran Sea (Bentaleb et al. 2011) . The abundance of fin whales in the Alboran Sea is, however, low, especially in the northern part where observation effort was substantial in the past 2 decades. There is an apparent absence in the Alboran Sea of preferred prey during summer, i.e. northern krill (Casanova 1970) , and, to our knowledge, no feeding behaviour has been ob served, nor documentation published on available prey, which suggests that this area may simply be a corridor for fin whales. The preferred habitat in the Alboran Sea in summer could thus represent a false positive result of the model related to the presence of different macro-zooplankton populations from those preferred, although there is insufficient evidence to make definitive conclusions. Indeed, SST values during summer are similar to those in the Ligurian Sea so that temperature is not the limiting growth factor for northern krill in the Alboran Sea. Moreover, in agreement with the fin whale sightings, northern krill were collected in the Alboran Sea during winter (Zane & Patarnello 2000) and were also found in the northern part in spring as an impor-tant portion of the stomach contents of bentho-pelagic shrimps (Fanelli & Cartes 2004) .
When focusing on presence data which are substantially distant from the potential habitat (above 50 km), 10 among the 23 outlier values (for both calibration and validation and both satellite datasets; see Fig. 3 ) were likely caused by relatively low satellitedata coverage (25 to 60%) in their vicinity (50 km radius). Among the 13 other cases with higher satellite coverage, 6 outlier distances corresponded to a single group of whales travelling linearly for > 76 km on the same day (27 August 2003), suggesting migration behaviour. Of the 7 remaining outlier distances, 5 were mainly located west of Sardinia. This area represents a lower density of observations compared to the Ligurian Sea and outer Gulf of Lions (Fig. 1) . The authors suggest that the distribution of presence data may have influenced the calibration process and led to slightly weaker performance in areas where observations were less abundant. However, these outliers represent <1% of the sightings (7 out of 788) and correspond to areas where the limits between favourable and unfavourable environmental conditions are more frequent. The general consistency of the model agrees with current knowledge, and presence data in the vicinity of productive mesoscale features clearly indicates their important role in the foraging of fin whales.
Distribution and migration of fin whales
Although the model results show that potential habitat is seasonally recurrent in some areas, its high inter-annual variability, especially in the LiguroProvençal basin (Fig. 5B) , requires fin whales to rapidly cover large distances searching for food. This is attested to by the absence of recurrent observations from year-to-year at the regional scale. The fin whale population is therefore likely to follow seasonal patterns of recurrent favourable habitats, but with an important ability for spotting productive areas at the scale of 10s to 100s of kilometres. The present results would tend to support the hypothesis that the fin whale population concentrates in summer and autumn in a spatially restricted feeding habitat and spreads in winter and spring, notably to the south and east of Sicily, in agreement with current knowledge (Notarbartolo di Sciara et al. 2003 , Aïssi et al. 2008 , Bentaleb et al. 2011 ). Due to low sighting capability, our perception of the population distribution is likely to be limited to areas of high densities. Observation effort is indeed particularly scarce in the lowdensity areas of most of the south-western Mediterranean Sea (e.g. the southern Alboran Sea being a medium-density area) and during winter and spring periods (see Aïssi et al. 2008 for a rare example of a large-scale campaign), i.e. where and when the encounter rate is particularly low. It would be of great interest to dedicate observation effort to environments of low densities, perhaps assisted by habitat maps in near-real time, in order to explore the population distribution all-year-round and potential migration patterns. Similarly, particular observation effort should focus on the Strait of Gibraltar area to further characterize this observed cross-basin route (Gauffier et al. 2009 (Gauffier et al. , 2011 and to evaluate the mixing of populations. If the seasonal migration of Atlantic fin whales through the Strait of Gibraltar is established, it could be assumed that at least 2 subpopulations of fin whales may co-exist in the southern Mediterranean Sea from December to April/May (Castellote et al. 2012a) , presumably in relation with breeding (Notarbartolo di Sciara et al. 2003) .
Implications for species conservation
Although the results were only validated in the Liguro-Provençal basin during spring and summer; and they should thus be considered with caution, the model provided 2 important results in terms of management and conservation. For the first time, a synoptic view of potential feeding habitat and its variability are proposed at the scale of the whole western Mediterranean Sea, based on 10 yr of in situ and satellite-remote-sensing data, although most of the presence data is from the north-western part of the basin. The recurrent favourable foraging grounds provide a strong basis for proposing and adopting protection and mitigation measures at least in the area of the PELAGOS sanctuary. These measures should preferably be dynamic, since most of the recurrent potential habitat has also been shown to be the most variable from year-to-year (Fig. 5B ). Besides the variability over a decade, the model results show the capacity of the near-real-time maps to feed, on a daily basis, operational tools or measures for improving species protection and conservation. Fin whales face several anthropogenic threats, such as ship strikes from large commercial vessels, with a potentially significant impact on the species in the Mediterranean Sea (Laist et al. 2001 , ACCOBAMS 2006 , Panigada et al. 2010 . David et al. (2011) and David & Di-Méglio (2011) highlight areas of high collision risk in summer in the most favourable feeding habitat pointed out in the present study, i.e. the north-western part of the Mediterranean Sea. New routes will be launched and oil prospecting and military exercises will likely increase in this area generating further disturbances through noise and pollution. The maps produced by the model could therefore be used to:
1. Analyse the impact of present and future distributions of human activities, such as maritime traffic, to mitigate the risk of ship strikes, or seismic methods of prospecting, and define periods and areas where disturbances should be avoided. These protection measures could suitably be imbedded in the European Integrated Maritime Policy.
2. Increase protection measures in near-real time, providing information to maritime stakeholders on potential areas of fin whale presence, especially in cases of observed high abundance. This could provide an important contribution to the definition of dynamic measures of protection in space and time. The maps produced by the model could, for instance, be integrated into real-time alerting systems of whale positions on board large commercial vessels, to suggest alternative routes avoiding potential whale presence. Such an approach is foreseen with the REPCET system (real-time plotting of cetaceans, www.repcet. com/ en), which transmits whale sightings into real-time to the participating fleet (Mayol et al. 2008 .
3. Detect potentially favourable habitats where no animal presence is found despite observation effort, highlighting a non-use of habitat presumably in relation with anthropogenic disturbances.
4. Follow the habitat change at both annual and climate time scales, allowing the set-up of a long-term monitoring system at the species level.
Satellite remote sensing of the ocean surface is a powerful observational tool when fully exploited by an interdisciplinary research team. It has the potential to provide key pieces of information at a wide range of spatial and temporal scales for the sustainable management of marine ecosystems, including its fisheries component (Chassot et al. 2011 , Stuart et al. 2011 . 
